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Abstract: This paper presents a microwave system for 
heartbeat rate measurement. This system is based on using a 
vector network analyzer and horn antennas. The system 
generates a continuous wave signal toward a person’s chest 
then the reflected signal is analyzed. The phase difference 
between the emitted and the reflected signals contains 
information about the chest movement; hence, the heartbeat 
rate can be extracted. In this work, several scenarios for 
detecting the heart activity are considered. The first scenario 
aims to provide a comparative study for using single-antenna 
and two-antennas microwave systems. Several radiated 
powers are considered in this scenario. Simultaneously with 
the microwave system, a wireless electrocardiograph is used 
as reference in order to determine the accuracy of the system. 
Measurements are performed in both cases when breathing 
normally and when holding the breath. The second scenario 
aims to test the ability of detecting the heartbeat activity of a 
person while moving. Measurements are performed while the 
subject walks towards the radar. Modeling is used for this 
purpose. The operating frequency used is 20 GHz in both 
scenarios. Signals are processed using wavelet transform and 
results show the ability to extract the heartbeat rate even with 
the presence of body movement. 
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1 Introduction 
Nowadays, contactless monitoring of vital signs is needed 
in medical surveillance applications and in healthcare, 
especially for infants at risk, sudden infant syndrome or burn 
victims where the use of the traditional electrodes to    
measure cardiopulmonary signals is not possible. Due to the 
microwave sensitivity toward tiny movements, radar has been     
employed as a noninvasive monitoring system of human 
cardiopulmonary activity [1]. Several radar technologies are 
presented in the literature for the vital signs extraction: the 
ultra-wideband (UWB) radars, the frequency modulated 
continuous wave (FMCW) radars, and the continuous wave 
(CW) Doppler radars. Each of these types has its own 
advantages and disadvantages. The advantage of the UWB 
radar is its ability to detect the patient – system distance and 
the breathing rate for one or more persons [2]. On the other 
side, UWB is not feasible in terms of system integration and 
low-power operation, especially for short range applications 
[3]. In contrast, CW and FMCW systems allow higher level of 
system integration and lower power operation. Note that the 
CW radar is not able to extract range resolution like UWB and 
FMCW radars [4]. Although FMCW radar allows measuring 
the distance of the target [5], the CW radar is superior to 
FMCW due to its higher measurement accuracy, less complex 
hardware architecture, and simpler signal processing 
techniques [6]. Therefore, for applications that only require 
displacement information regardless of the target range, CW 
radar is a better option for non-contact vital sign detection [7]. 
Therefore, the CW it is utilized in this work. According to 
Doppler effect, a constant frequency signal reflected off an 
object having a varying displacement has a time-varying phase 
[1] which contains the heartbeat and respiration information. 
Note that the average peak-to-peak chest motion caused by the 
respiration is between 4 and 12 mm, and caused by the 
heartbeat alone is between 0.2 and 0.5 mm [8]. At rest, the 
respiration frequency of an adult varies between 0.2 and 0.34 
Hz which means a respiration rate between 12 and 20 Breathes 
per minute (Bpm) [9]. Moreover, the heartbeat frequency of an 
adult changes within 1 and 2 Hz, which means a heartbeat rate 
between 60 and 120 beats per minute (bpm) [8]. 
  
In this work, two scenarios are considered: First, in order 
to test the accuracy of the single-antenna system compared to 
the two-antenna system, a comparative study is realized for a 
person while holding the breath. In fact, using a single antenna 
will reduce the number of components of the final 
measurement system; hence it will reduce the cost. After that, 
the person breathes normally and the heartbeat rate is 
extracted using single-antenna microwave system. The 
accuracy of the obtained results demonstrates the possibility of 
extracting the heartbeat signal using a single-antenna 
microwave system for a person while breathing normally. 
The second scenario is considered by testing the ability of 
detecting heartbeat rate of a moving patient inside a room. The 
person is walking toward the radar. This scenario is based on 
modeling and wavelet-based techniques are applied for 
heartbeat rate extraction in both cases.  
The rest of this paper is organized as follows: Section 2 
presents the measurement setup of the two systems and the 
obtained results for a person holding the breath. Section 3 
presents results of a single antenna VNA system for a person 
breathing normally. Section 4 presents the modeling of the 
received signal for a moving forward person and the 
processing technique and the obtained results. Section 5 
concludes the work. 
2 Comparison between Heartbeat Rates extracted 
from single and two-antenna microwave systems for a non-
breathing person 
Previous works [10] used the two-antenna microwave 
system to demonstrate the possibility of detecting the 
heartbeat activity. The first and the second antennas were used 
for the emission and the reception respectively. This system 
was used to measure the time-varying phase of the S21 
parameter for different operating frequencies and different 
radiated powers. In addition, a study using a 16 GHz single-
antenna VNA system was realized to measure the S11 phase 
variation for a person while holding the breath [11]. In this 
case, the same antenna is used for both emission and 
reception. In this section, a comparison between Heartbeat 
Rates extracted from single and two-antenna microwave 
systems for a non-breathing person is done to test the accuracy 
of the heartbeat rate of the single-antenna system relatively to 
the two-antenna system. 
2.1 Measurement setup 
The two systems are based on a VNA and one or two horn 
antennas. These components make the installation fast and 
simple. The used VNA is HP N5230A 4 ports PNA-L. The 
VNA is one of the main basic systems used for microwave 
measurements and RF applications. In addition, the VNA 
allows tuning both frequency and power. It allows the control 
of different parameters like sweep time and the number of 
sampling points. Furthermore, it measures the phase and 
amplitude of S parameters. In particular, a VNA measures the 
time variation of the phase of the parameters S21 or S11 which 
are used in this study. In the case of two-antenna systems, S21 
phase variation is measured. When using a single-antenna 
microwave system, S11 phase variation is measured. The 
antennas used are LB-42-25-C2-SF with operating frequencies 
between 18 and 26.5 GHz. The operating frequency is chosen 
to be fo = 20 GHz due to two reasons: the first reason is to 
obtain higher phase variation as it is directly proportional to 
the frequency. The second reason is due to the equipment’s 
limitation (2 – 20 GHz of the VNA). Note that the antenna 
gain depends on the frequency. Table 1 shows the antenna 
gain for different operating frequencies [10]. 
 
Table 1 Antenna gain 
Frequency 
(GHz) 
Gain 
(dBi) 
18 23.6 
19 23.9 
20 24 
21 24.5 
22 24.9 
23 24.8 
24 24.9 
25 25.4 
26 25.4 
 
According to this table, the antenna gain at 20 GHz is 24 
dB. The IF bandwidth is chosen to be 500 Hz resulting from a 
compromise between the signal noise reduction and the sweep 
time. As the sweep time was 23 secs, the number of samples 
was set at 12801 by the VNA; hence the sampling frequency is 
557 Hz. The 23 seconds is  selected to avoid too long stopping 
breathing when the person is the breath. The measurements 
were performed for a healthy 54-years old  person. The 
distance between the antennas and the person is 1 meter. 
Considering the antenna gain (24 dB), the cables losses (2 dB) 
and the emitted power at the VNA output (-24, -29, -34 and     
-39 dBm), the radiated power Pr is -2, -7,  -12 and -17 dBm, 
respectively. Measurements with several values of the emitted 
power allow determining the minimum power required to 
accurately extract the heartbeat rate while limiting the risks of 
exposure to the electromagnetic waves for the patient and the 
medical staff.  The highest radiated power (- 2 dBm), this 
corresponds to a surface reception power density of about 5 
nW /cm
2
, which is very low compared to the FCC exposure 
  
level limit (580 W /cm2). In addition, the FCC allows a 
Specific Absorption Rate (SAR) limit of 1.6 W/kg, as 
averaged over one gram of tissue, hence the measurements 
performed are considered as safe. 
Note that an ECG is used simultaneously with the system 
as a reference system. Table 2 presents the measurement setup 
characteristics for this experiment and Fig. 1 presents the 
measurement system with single antenna vs. 
electrocardiograph. 
 
Table 2 Measurement setup 
System specifications 
Operating frequency fo (GHz) 20 
Radiated power Pr (dBm) -2, -7, -12, -17 
Number of points 12801 
Time window (sec) 23 
Sampling frequency (Hz) 557 
Antennas number 1 or 2 
Subject Information 
Gender/ Age (y) M/54 
Position/ Side Setting/ Front 
Distance (m) 1 
Breathing No 
Position Setting/ Front 
 
Fig. 1 Measurement system with single antenna vs. 
electrocardiograph 
 
2.2 Signal processing and obtained results 
In this section, measurements were performed for a 
person holding the breath for both single-antenna and two-
antennas microwave systems. Figs. 2 and 3 present the phase 
variation (PV) of S11 and S21 respectively, at radiated powers: -
2, -7, -12 and -17 dBm. 
 
Fig. 2   Phase variation of S11 for a person holding his breath for 
different radiated powers using the single-antenna microwave system. 
 
Fig. 3 Phase variation of S21 for a person holding his breath for 
different radiated powers using the two-antenna microwave system. 
It is observed that the phase variation of S21 is clearer and 
larger than the phase variation of S11; hence, the heartbeat 
signals are clearer in the case of S21 phase variation. In both 
cases, the SNR decreases with the decrease of the radiated 
power; thus, a smoothing method is required in order to reduce 
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noise and extract the heartbeat signal, especially for lower 
radiated powers. This method is based on a sliding window. It 
replaces a given point by the average of its surrounding points. 
I.e. consider a signal X with N samples, X = [X(0),…, X(N-1)], 
the sample XS(i) of the smoothed signal is computed with the 
following relation: 
𝑋𝑆(𝑖) = 
1
𝑛
∑ 𝑋(𝑘)𝑖+𝑚𝑘=𝑖−𝑚  (1) 
where n = 2m+1 is the length of the smoothing window. Note 
that i should be between m and N-m-1. Otherwise, the length 
of the smoothing window is decreased. When n increases, the 
variation of the heartbeat signal may reduce. On the other 
hand, when n decreases, the heartbeat signal could not be 
detected correctly due to the presence of noise; hence, a 
compromise should be done in order to reduce the noise 
without losing the significant peaks of the recorded phase.      
n = 199 was chosen after several trials. After noise reducing 
using smoothing technique, peak detection is applied, and then 
heartbeat rate is extracted. Fig. 4 presents the peak detection 
of the phase variation of S11 when using the single-antenna 
microwave system and Fig. 5 presents the peak detection of 
the phase variation of S21 when using the two-antennas 
microwave system, after applying smoothing with n = 199 and 
for different radiated powers: -2, -7, -12 and -17 dBm. Both 
figures contain the ECG signal measured simultaneously with 
the VNA signal. 
 
Fig. 4 Peak detection for the phase variation of S11 after applying 
smoothing with n = 199 at Pr = -2, -7, -12 and -17 dBm and fe = 20 
GHz (Black), ECG signal (Green). 
 
Fig. 5 Peak detection for the phase variation of S21 after applying 
smoothing with n = 199 at Pr = -2, -7, -12 and -17 dBm and fe = 20 
GHz (Black), ECG signal (Green). 
After peak detection of the heartbeat signal, the heartbeat rate 
expressed in beats per minute (bpm) is calculated using the 
following relation: 
𝐻𝑅 =
60(𝑁 − 1)
𝑑1 + 𝑑2 + ⋯ + 𝑑𝑁−1
        (2) 
where N is the peaks number and dk is the duration of the 
interval determined by 2 successive peaks expressed in 
seconds. The relative error between HR of the microwave 
system and HR of the ECG is calculated using the following 
relation 
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒𝐸𝑟𝑟𝑜𝑟 = 100 ×
𝐻𝑅𝑉𝑁𝐴 − 𝐻𝑅𝐸𝐶𝐺
𝐻𝑅𝐸𝐶𝐺
 (3) 
Table 3 presents the heartbeat rate extracted from the 
single-antenna microwave system (HRVNA-SA), the heartbeat 
rate extracted from the ECG (HRECG) and the relative error 
between HRVNA-SA and HRECG. Table 4 presents the heartbeat 
rate extracted from the two-antenna microwave system 
(HRVNA-TA), the heartbeat rate extracted from the ECG (HRECG) 
and the relative error between HRVNA-TA and HRECG. 
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Table 3 Comparison between HRVNA-SA and HRECG using the single-antenna microwave system 
Radiated power (dBm) HRVNA-SA (bpm) HRECG (bpm) Relative Error (%) 
-2 80 75 7 
-7 78 72 8 
-12 74 69 7 
-17 79 73 8 
 
 
Table 4 Comparison between HRVNA-TA and HRECG using the two-antenna microwave system 
Radiated power (dBm) HRVNA-TA    (bpm) HRECG       (bpm) Relative Error (%) 
-2 84 78 8 
-7 77 72 7 
-12 81 76 7 
-17 80 75 7 
 
According to the American National Standard [12], 
medical devices measuring the heartbeat rate should have a 
relative error lower than 10% or 5 bpm; hence, the obtained 
results are acceptable for both systems with maximum relative 
error of 8%. 
After holding breath, the next step is performing 
measurements using single-antenna microwave system for a 
breathing person to show the possibility of extracting 
heartbeat rate in this case. 
3 Results for normally breathing person using 
single-antenna microwave system 
3.1 Measurement setup 
In this section, we describe the measurement results 
obtained when the same person is breathing normally. The 
measurements are performed while using the single-antenna 
system. These measurements are performed to confirm that the 
single-antenna system is able to extract the heartbeat rate for a 
breathing person. The person was sitting at 1 m from the 
system with always the ECG system used as reference. Fig. 6 
presents the phase variation of S11 for a breathing person at 
different radiated powers: -2, -7, -12 and -17 dBm. 
 
Fig. 6  Phase variation of S11 for a breathing person for different 
radiated powers. 
As shown, the SNR decreases with the decrease of the 
radiated power. In addition, the phase variation of S11 is 
mainly due to the respiration; hence, signal processing is 
required to reduce the influence of the respiration and the 
noise in order to extract the heartbeat signal. 
  
3.2 Signal processing using wavelet decomposition 
 As chest motion due to respiration is much bigger 
compared to that due to the heartbeat, an advanced signal 
processing technique is required in order to reduce the 
respiratory signal and then extract the heartbeat signal. In [13] 
it was shown that classical filters are able to extract 
successfully the heartbeat signal, but due to the distortion of 
the filtered signal during the transitive regime, the relative 
error of heartbeat can be increased. In addition, Fast Fourier 
transform (FFT) converts a signal from time domain to 
frequency domain rapidly. Then, the frequency having the 
maximum amplitude between 1 and 2 Hz is chosen. FFT gives 
accurate results but an extra error may occur because real 
frequency may not match the FFT frequency points, the power 
spectrum is spreading at the adjacent frequencies. In addition, 
the variation of the HR over the time could not be tracked. To 
solve this problem, Short-Time Fourier Transform is proposed 
(STFT). This technique is based on applying the Fourier 
transform over portions of the signal, namely windows. This 
allows analyzing the signal in both time and frequency 
domains. Short time window results in high resolution in time 
and poor resolution in frequency, while large window results 
in poor resolution in time, but high resolution in frequency. 
The problem of the STFT is solved by using the wavelet 
transform [14]. The processing technique used in this study is 
the wavelet decomposition. The wavelet technique consists of 
splitting the signal into several signals; each of these signals 
corresponds to a frequency band. There are two types of 
wavelets: continuous wavelets transform (CWT) and discrete 
wavelets transform (DWT). DWT is a fast and non-redundant 
transform. The DWT is used in order to extract the heartbeat 
signal from the cardiopulmonary signal. The DWT (𝑊𝑗,𝑘) of a 
signal 𝑓(𝑡) is given by the scalar product of 𝑓(𝑡) with the 
scaling function (i.e. the wavelet basis function) ∅(𝑡) which is 
scaled and shifted: 
𝑊𝑗,𝑘 = 𝑓(𝑡), ∅𝑗,𝑘(𝑡) ≥ ∫ 𝑓(𝑡)
+∞
−∞
∅𝑗,𝑘(𝑡)𝑑𝑡 (4) 
The basis function is given by: 
∅𝑗,𝑘(𝑡) = 2
−𝑗 2⁄ ∅(2−𝑗𝑡 − 𝑘𝑇𝑆) (5) 
where j is the j
th
 decomposition level or step and k is the k
th
 
wavelet coefficient at the j
th
 level [11]. The variables 𝑗 and 𝑘 
are integers that scale and dilate ∅ to generate wavelets. 
Several families exist in the wavelet decomposition like 
Daubechies, Coiflets, Symlets, etc. The difference between 
wavelet families makes compromise between how compactly 
they are localized in time and how smooth they are. Within 
each wavelet family, the number of coefficients and the 
iterations used in the wavelets are classified as subclasses 
[15]. The suitable wavelet family is chosen depending on data. 
The DWT applies a successive low-pass and high-pass 
filtering of the discrete time-domain signal and decomposes 
the signal into decomposition ‘D’ and approximation ‘A’. ‘A’ 
represents the low-pass filtered signal and ‘D’ represents the 
high-pass filtered signal [15]. The decomposition is repeated 
and the frequency resolution is increased. In general, if n is the 
decomposition level, 𝐴𝑛 contains frequencies between 0 and  
fs /2
𝑛+1 ∧ 𝐷𝑛 contains frequencies between fs /2
𝑛+1 and  fs /2
𝑛, 
where fs is the sampling frequency. The DWT principle is 
resumed in Fig. 7. 
 
Fig.7 Wavelet decomposition. 
The original signal can be reconstructed using the 
following relation: 
𝑆𝑟𝑒𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑒𝑑 = 𝐴𝑁 + 𝐷𝑁 + 𝐷𝑁−1 + ⋯ + 𝐷1 (6) 
where N is the maximal value of the decomposition level. The 
wavelet family chosen should fulfill the properties of the 
signal. The reconstructed signal has to be as close as possible 
to the original signal with fewer decomposition levels [16]. 
The suitable wavelet should have the best reconstruction of the 
original signal compared to other families; hence, the error 
between the original signal and the reconstructed signal should 
be the smallest. The indicator of the error between the original 
signal 𝑥(𝑛) and the reconstructed signal 𝑥(𝑛) is the Root 
Mean Square Error (RMSE): 
𝑅𝑀𝑆𝐸 = √
∑ ⃓𝑥(𝑛) − 𝑥(𝑛)⃓2𝐿−1𝑛=0
𝐿
 (7) 
where L is the samples number of the signal 𝑥.The RMSE is 
calculated for all available signals for different wavelet types; 
then the mean of the RMSE of all available signals is 
calculated for each wavelet type according to the following 
relation: 
𝑅𝑀𝑆𝐸𝑚𝑒𝑎𝑛𝑤𝑎𝑣𝑒𝑙𝑒𝑡𝑡𝑦𝑝𝑒 = 
∑ 𝑅𝑀𝑆𝐸𝑜𝑓𝑡ℎ𝑒𝑠𝑖𝑔𝑛𝑎𝑙(𝑝)(𝑤𝑎𝑣𝑒𝑙𝑒𝑡𝑡𝑦𝑝𝑒)4𝑝=1
4
 
(8) 
  
where p is the power index (p = 1, 2, 3 and 4 for signals 
extracted at radiated powers -2, -7, -12 and -17 respectively). 
Bior 2.4 is chosen after the mean RMSE calculation for all 
wavelet types. Bior 2.4 has the lowest mean RMSE compared 
to the others. The heartbeat rate for an adult is between 60 and 
120 beats per minute, hence the frequency of the heartbeat is 
located between 1 and 2 Hz. A re-sampling method is 
necessary in order to obtain the decomposition of the signal in 
the appropriate frequency band. Thus, a conversion of the 
sampling frequency from 666.7 Hz to 512 Hz is applied in 
order to obtain a band of frequencies between 0 and 1 Hz at 
the 8
th
 approximation. Two processes are performed for the re-
sampling implementation: firstly, a linear interpolation of the 
given discrete signal to a continuous signal is applied; then 
applying sampling to the interpolated signal at the new 
coordinate points [17]. Eliminating the 8
th
 approximation from 
the reconstructed signal gives a signal with the frequency band 
is between 1 to 256 Hz. As mentioned, the respiratory 
amplitude is higher than the heartbeat amplitude; hence, the 
role of processing techniques is to significantly reduce the 
respiratory signal from the cardio-respiratory signal. In 
general, respiratory frequency is between 0.2 and 0.34 Hz. 
Hence, the signal 𝐴8 that contains this frequency band is 
excluded from 𝑆𝑟𝑒𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑒𝑑. 𝑆𝐷18 is given by: 𝑆𝐷18 =
𝑆𝑟𝑒𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑒𝑑 − 𝐴8 = 𝐷8 + 𝐷7 + 𝐷6 + 𝐷5 + 𝐷4 +
𝐷3 + 𝐷2 + 𝐷1. It is named 𝑆𝐷18 because it contains all 
decompositions with levels between 1 and 8. As the heartbeat 
frequency is between 1 and 2 Hz, it belongs to SD18. After 
extracting SD18, smoothing method with n = 199 is applied to 
reduce the noise. Then peak detection is used in order to 
calculate the heartbeat rate. Fig. 8 presents the smoothed SD18 
signal at different radiated powers. 
 
Fig. 8 Peak detection applied to the smoothed SD18 at Pr = -2, -7, -12 
and -17 dBm and fo = 20 GHz (Black), ECG signal (Green). 
3.3 SD18 pass band reducing  
In this work, 𝐴8 is eliminated from𝑆𝑟𝑒𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑒𝑑  to 
reduce the respiratory signal and keep the heartbeat signal 
which is above 1 Hz; hence all the decompositions from 1 to 8 
are kept. Then smoothing, peak detection, and heartbeat rate 
extraction are applied. Note that the heartbeat signal is not 
situated in the entire SD18 frequency band which is between 1 
and 256 Hz. In this part, several decompositions are 
eliminated to reduce the bandwidth of the signal and keep the 
effective signal; hence D8, D8 + D7, D8 + D7 + D6, …, D8 + D7 
+ D6 + D5 + D4 + D3 + D2 + D1 are extracted and smoothed in 
order to reduce the noise. The relative errors between HRECG 
and HRVNA-SA obtained from these signals are calculated. Table 
5 presents the relative error between the single-antenna-
microwave system and the ECG using wavelet decomposition 
for different SDn8. SDn8 is a summation between the 
decomposition n till the decomposition 8. 
 
Table 5 Relative errors between the single-antenna microwave 
system at different SDn8 and the ECG 
SD88 SD78 SD68 … SD18 
6.2 2.5 1  1 
17 17 17  17 
4 3 3  3 
4 4 4  4 
As result, D8 + D7 gives better results than D8, D8 + D7 + 
D6 gives better results than D8 + D7. Finally, from D8 + D7 + 
D6, the relative errors are the same. As conclusion, the band 
between 1 and 8 Hz is sufficient to extract the heartbeat rate 
successfully without adding frequencies above 8 Hz. Also, a 
band slightly wider than [1 Hz, 2 Hz] must be used to have a 
small error. In other words, the details in the higher bands help 
to better describe the heartbeat signal which is not a pure 
sinusoidal. 
3.4 Obtained results 
Table 6 presents the heartbeat rate extracted from the 
single-antenna microwave system (HRVNA-SA), the heartbeat 
rate extracted from the ECG signal (HRECG) and finally the 
relative errors between HRVNA-SA and HRECG for a breathing 
person and with different radiated powers. 
  
Table 6 HRVNA-SA and HRECG For a breathing person with different radiated powers 
Radiated power 
(dBm) 
𝐻𝑅𝑉𝑁𝐴−𝑆𝐴 
(bpm) 
HRECG 
(bpm) 
Relative Error 
(%) 
-2 81 80 1 
-7 90 77 17 
-12 82 80 3 
-17 86 83 4 
 
Even at low power, heartbeat rates can be extracted and 
the relative errors are less than 4%; hence, the obtained results 
are acceptable. However, at -7 dBm, the relative error is 17%, 
hence new measurements should be conducted to confirm the 
results and lead to a good interpretation. 
4 Models and processing of a moving person 
Previous researches have been focused on the non-contact 
detection of the heartbeat rate of fixed subjects using wireless 
systems under different conditions. However, the subject can 
move with a Random Body Movement (RBM). RBM is 
considered as a significant source of noise and the most 
challenging issue for the accurate measurement of the 
heartbeat rate using touch less radar systems. RBM is mostly 
bigger than the chest movements due to tiny vital signs that 
have several millimeters to centimeters; hence the RBM signal 
is able to hide the signal of interest. Some studies resolved the 
problem of RBM by using multiple transceivers detecting 
from different sides of the human body [18]. In general, when 
the person moves between two radars, from one to the other, 
the body moves toward one of them and away from the other 
radar. When combining the two signals, the body motion can 
be canceled. Other methods studied the RBM elimination 
using either two-frequency radar [19] or multi-frequency 
interferometric radar [20]. However, these studies have some 
drawbacks. Firstly, the use of multiple radar systems to cancel 
RBM increases the system complexity. Secondly, the 
alignment of different systems could be a potential bottleneck 
for accurate detection. In this section, models of chest motion 
with the presence of 1-D body motion are performed. A case 
of an old person that performs a uniform movement in his 
room is taken into consideration. One radar system is used to 
emit and then detect the vital signs. After that, wavelet method 
is used to extract the heartbeat signal. Fig. 9 presents the 
measurement setup for a moving person with an operating 
frequency of 20 GHz and emitted power of -19 dBm. This 
emitted power corresponds to a radiated power of 3 dBm. 
 
Fig. 9 Detection setup for a moving person (v is the person’s 
velocity) 
4.1 Modeling of a chest motion when moving 
forward 
In this scenario, the person moves towards the system and 
𝛥𝑥(𝑡) is the variation of the person-system distance 
determined by the movement of the person and his chest 
motion due to heartbeat and respiration. Therefore, 𝛥𝑥(𝑡) can 
be computed as [21]: 
𝛥𝑥(𝑡) = −𝑣𝑡 + 𝑥ℎ(𝑡) + 𝑥𝑟(𝑡) + 𝑛(𝑡) (9) 
where 𝑣 is the velocity of the person. Note that the ‘-‘ sign is 
due to the movement forward (i.e., to the measurement 
system), 𝑥ℎ(𝑡) is the heartbeat motion, 𝑥𝑟(𝑡) is the respiratory 
motion and n(t) is the additive noise. Based on experiments, 
the additive noise is a Gaussian noise. 
The person starts moving at a distance of 3 m from the 
antennas and walks to the system with a constant velocity 𝑣 = 
0.25 m/s; hence the relation of the walking forward is−𝑣𝑡. 
The person stopped at a distance of 1 m from the system; 
hence the person is walking during 8 s. The operating 
frequency chosen for this work is 20 GHz and the phase at t = 
0 s has an arbitrary value which is chosen to be 0
o
. In fact, the 
maximum variation of the phase ranges between -180° and 
  
+180°, hence each time the phase reaches the -180°, it will 
permute to +180° and vice versa. 
The heartbeat signal can be expressed by𝑥ℎ =
𝐴ℎ𝑠𝑖𝑛(2𝜋𝑓ℎ𝑡 + Ø𝑜ℎ), where 𝐴ℎ is the amplitude of chest 
movement due to heartbeat, 𝑓ℎ is the heartbeat frequency 
andØ𝑜ℎis the heartbeat sine wave phase at t = 0 and chosen to 
be 90°. The heartbeat rate considered for this signal is 70.73 
beats/min. The displacement of the chest due to heartbeat is 
0.5 mm. 
The respiration is also modeled as a sine wave; 
hence 𝑥𝑟 = 𝐴𝑟𝑠𝑖𝑛(2𝜋𝑓𝑟𝑡 + Ø𝑜), where 𝐴𝑟 is the amplitude of 
the chest movement due to respiration, 𝑓𝑟 is the respiratory 
frequency and Ø𝑜is the phase at t = 0 s is an arbitrary value 
and chosen to be 90
o
. The displacement of the chest due to 
respiration is 𝐴𝑟 = 12 mm and the respiration frequency is 𝑓𝑟 = 
0.25 Hz. 
4.2 Phase noise model  
Eliminating the noise affecting the signal quality is 
considered as one of the biggest challenges. Relations (10) and 
(11) present the signal power at the input of VNA system and 
the signal to noise ratio (SNR) of VNA input respectively: 
𝑃𝑆(𝑑𝐵𝑚) = 𝑃𝑒(𝑑𝐵𝑚) + 𝐺𝑒(𝑑𝐵) + 𝐺𝑟(𝑑𝐵) − 𝐴1(𝑑𝐵)
− 𝑅𝑒𝑓𝑙(𝑑𝐵) − 𝐴2(𝑑𝐵) 
 
(10) 
𝑆𝑁𝑅𝑉𝑁𝐴𝑖𝑛𝑝𝑢𝑡(𝑑𝐵) = 𝑃𝑆(𝑑𝐵𝑚) − 𝑃𝑛(𝑑𝐵𝑚)
= 𝑃𝑒(𝑑𝐵𝑚) + 𝐺𝑒(𝑑𝐵) + 𝐺𝑟(𝑑𝐵)
− 𝐴1(𝑑𝐵) − 𝑅𝑒𝑓𝑙(𝑑𝐵) − 𝐴2(𝑑𝐵)
− 𝑃𝑛(𝑑𝐵𝑚) 
 
(11) 
where 𝑃𝑒 is the emitted power, 𝐺𝑒  is the antenna gain at the 
emission, 𝐺𝑟  is the antenna gain at the reception, 𝐴1(𝑑𝐵) +
𝐴2(𝑑𝐵) are the round trip free space losses, 𝑅𝑒𝑓𝑙 is the 
reflection loss on the human body and𝑃𝑛 is the noise power at 
the VNA input. 
Note that global free space losses have the following relation: 
𝐴(𝑑𝐵) = 𝐴1(𝑑𝐵) + 𝐴2(𝑑𝐵) = 2𝐴1(𝑑𝐵)
= 40𝑙𝑜𝑔10 (4 𝜋𝑑 𝜆⁄ ) 
 (12) 
Because this study presents the case of a person moving 
toward the VNA system, the distance ‘d’ between the person 
and the VNA system decreases; hence, based on (11), the SNR 
of the input signal increases when the person is getting closer 
to the Doppler radar. SNR of the phase variation is certainly 
related to the signal SNR; but no direct relation between SNR 
of the signal and SNR of the phase is presented, nor between 
phase noise and distance between the person and the radar. 
Measurements are used to find a relation between the signal 
noise and the distance. As seen in (10), for each emitted power 
𝑃𝑒of a fixed person (distance is fixed), the signal power at the 
VNA input is fixed. In addition, for each emitted power used 
for the fixed person, the variance of the phase noise is 
assumed to be constant. From S21 phase measurements, the 
variance of the phase noise is extracted for several values of 
the emitted power. Then, a relation between the emitted power 
and the variance of the phase noise is found from these 
measurements. Hence, a relation between the signal power at 
the VNA input and the phase noise variance is found from the 
relation extracted from measurements and (10). Fig. 10 
presents the S21 phase extracted at different emitted powers: -
19, -24, -29, -34, -39 and -44 dBm for a person holding his 
breath. These values correspond respectively to radiated 
powers: 3, -2, -7, -12, -17 and -22 dBm. The sampling 
frequency is 20 kHz. The person is fixed at a distance of 1 m 
from the antennas system. The gain of each antenna at 20 GHz 
is 24 dB. 
 
Fig. 10 Phase variation of S21 at Pe = -19, -24, -29, -34, -39 and -44 
dBm and fe = 20 GHz 
The variation of the S21 phase contains the heartbeat 
signal and the additive noise; hence, the heartbeat signal 
should be eliminated to extract the variance of the phase noise. 
The heartbeat signal is extracted by using a sliding uniform 
0 5 10 15 20
-200
-100
0
100
200
P
e
 = -19 dBm
Time (s)
S
2
1
 P
V
 (
d
e
g
re
e
) 
0 5 10 15 20
-200
-100
0
100
200
P
e
 = -24 dBm
Time (s)
S
2
1
 P
V
 (
d
e
g
re
e
) 
0 5 10 15 20
-200
-100
0
100
200
P
e
 = -29 dBm
Time (s)
S
2
1
 P
V
 (
d
e
g
re
e
) 
0 5 10 15 20
-200
-100
0
100
200
P
e
 = -34 dBm
Time (s)
S
2
1
 P
V
 (
d
e
g
re
e
) 
0 5 10 15 20
-200
-100
0
100
200
P
e
= -39 dBm
Time (s)
S
2
1
 P
V
 (
d
e
g
re
e
) 
0 5 10 15 20
-200
-100
0
100
200
P
e
= -44 dBm
Time (s)
S
2
1
 P
V
 (
d
e
g
re
e
) 
  
smoothing window with the length 𝑛 = 199. When 
subtracting the heartbeat signal from the original S21 phase, the 
phase noise is obtained. Fig. 11 presents the phase noise for 
different emitted powers.  
 
Fig. 11 Phase noise at Pe = -19, -24, -29, -34, -39 and -44 dBm and fe 
= 20 GHz. 
Since the noise is Gaussian, the mean value is null; hence, 
the variance of the phase noise (deg
2
) is calculated using the 
following relation: The analysis of the obtained noise shows 
that it can be modeled as a zero mean Gaussian signal. Its 
variance (deg
2
) can be computed using the following relation: 
𝜎2 =
1
𝑁
∑(𝑝ℎ𝑎𝑠𝑒𝑛𝑜𝑖𝑠𝑒(𝑖))
2
𝑁−1
0
 (13) 
where N = 12801 is the samples number. Table 7 presents the 
variance of the noise for each emitted power. Fig. 12 presents 
the variation of phase noise variance vs. the emitted power. 
Finally, Fig. 13 presents the noise variance as a function of the 
power of the signal at the input of the VNA for a fixed person 
placed at 1 m from the measured system. 
 
 
Table 7 Variance of the phase noise at Pe = -19, -24, -29, -34, -39 
and -44 dBm and fe = 20 GHz 
Emitted Power Pe 
(dBm) 
Variance 𝜎2 
(deg2) 
-19 3.9 
-24 7.5 
-29 11.8 
-34 75.7 
-39 470.9 
-44 1776.8 
 
 
Fig. 12 Phase noise variance vs. emitted power at 20 GHz 
 
Fig. 13 Phase noise variance vs. signal power at VNA input at d = 1 
m and fe = 20 GHz 
On the other hand, the signal power at the VNA input is 
calculated in function of the distance for a certain emitted 
power𝑃𝑒. The person is walking for a distance between 1 and 3 
m far from the system. Fig. 14 presents the signal power at 
VNA input subtracted by the reflection loss for a distance 
between 1 and 3 m at 𝑃𝑒 = −19𝑑𝐵𝑚. 
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Fig. 14 Signal power at VNA input vs. distance at Pe = -19 dBm and 
fe = 20 GHz, 
The phase noise variance as a function of the distance is 
presented. Signal power at VNA input subtracted by reflection 
loss is between -87.88 and -112.88 dBm for a fixed person set 
at 1 m far from the system at emitted power varied from -19 
dBm to -44 dBm. The interval of variation of signal power at 
VNA input subtracted by reflection loss for a distance ranging 
between 1 and 3 m at -19 dBm is between -87.88 dBm and -
107 dBm.  Fig. 15 presents phase noise model vs. time for a 
person moving toward the system at 20 GHz and at emitted 
power of -19 dBm. Starting from 3 m to 1 m, this walk takes 8 
s. 
 
Fig. 15 Phase noise model for a person moving toward the VNA 
system at fe = 20 GHz and Pe = − 19 dBm walking from d = 3 m to d 
= 1 m at a velocity v = 0.25 m/s 
4.3 Phase variation of chest movement of a walking 
person at 20 GHz 
Fig. 16 presents the phase variation for a person chest 
movement, due to his walking toward the system with a 
constant velocity of 0.25 m/s, starting at a distance of 3 m far 
from the system and stopping at a distance of 1 m, without 
taking into consideration the phase permutation between -180 
and 180 degrees.  
 
Fig. 16 Phase variation due to a person chest moving toward the 
VNA system at 20 GHz 
Because the phase variation is between -180° and 180°, 
permutations from -180° to 180° and from 180° to -180° are 
done each time the phase variation reaches the -180° and 180° 
respectively. Fig. 17 and Fig. 18 present the phase variation of 
a walking person chest at the first 0.5 s and the last 0.5 s, 
respectively. 
 
Fig. 17 Phase variation of a moving person at first 0.5 s due to 
respiration, heartbeat and noise at 20 GHz 
 
Fig. 18 Phase variation of a moving person at last 0.5 s due to 
respiration, heartbeat and noise at 20 GHz 
Because the distance at first 0.5 s is higher than last 0.5 s, 
the variation of the phase at the first 0.5 s is noisier than last 
0.5 s. 
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4.4 Signal processing and results 
Before applying signal processing, all permutations 
between the -180° and 180° are removed, because these 
permutations affect the cardiopulmonary signal. Permutations 
elimination is done each time the phase difference
 
between the 
current sample and the previous sample is equal or slightly 
less than 360
o
. Note that the respiratory and heartbeat signals 
are hidden because of the presence of the movement; hence, 
signal processing is required to extract the heartbeat signal 
from the phase variation. Wavelet decomposition is used as the 
signal processing technique for the heartbeat extraction. The 
sampling frequency is 512 Hz; it is chosen to avoid 
resampling. Hence, SD18 decomposition contains frequencies 
higher than 1 Hz. Therefore, SD18 contains the heartbeat 
frequency. Bior 2.4 is the selected wavelet for this signal 
because it has the smallest RMSE compared to the other 
wavelet families. Fig. 19 presents the SD18 applied on model 
for the heartbeat extraction. 
 
Fig. 19 SD18 applied on the model for heartbeat extraction at Pe = -19 
dBm and fe = 20 GHz 
 Because the signal is noisy, especially between t = 0 and  
2 s, a sliding uniform smoothing window with n = 199 is used 
to eliminate the noise before applying peak detection. Fig. 20 
presents the peak detection applied to SD18 signal and the 
heartbeat model. 
 
Fig. 20 Peak detection applied on SD18 signal and heartbeat model at 
Pe = -19 dBm and fe = 20 GHz 
After peak detection, the heartbeat rate extracted from 
SD18 is equal to 73.65 bpm, while the heartbeat rate of the 
signal model is 70.73 bpm. Hence, the relative error is equal to 
4% which is acceptable. As a conclusion, wavelet 
decomposition is able to extract the heartbeat signal even in 
the presence of a walking person with a forward movement. 
5 Conclusion 
This work provides a comparative approach between one- 
and two-antennas microwave systems, and proves as well the 
possibility of tracking the heartbeat activity of a person while 
moving. When holding the breath, both, one- and two-antenna 
systems show an accuracy of about 93% in terms of HR. 
When breathing normally, using the single-antenna microwave 
system allows the extraction of the heartbeat rate with 
maximum error of 4 %. However, wavelet transform is 
required for processing the signals. The accuracy of the 
obtained results is convenient due to the relative high 
operating frequency, allowing quite large phase variations of 
the measured S parameters. Another scenario was performed 
for a person moving toward the system. This scenario is based 
on modeling, where parameters used in measurements are 
considered for modeling such as the operational frequency (20 
GHz) and the transmitted power (-19 dBm). In addition, the 
modeling takes into consideration the noise variation 
according to the distance of the person from the system. Using 
the wavelet transform as processing tool shows the ability to 
extract the heartbeat rate even with presence of body 
movement. Future work should focus on considering different 
scenarios such as the presence of random body movements, 
obstacles, clutters, etc., and for distance greater than 3 meters.  
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